Neurologic morbidity associated with congenital cytomegalovirus (CMV) infection is a major public health concern. The pathogenesis of cerebral lesions remains unclear. We report the neuropathologic substrates, the immune response, and the cellular targets of CMV in 16 infected human fetal brains aged 23 to 28.5 gestational weeks. Nine cases were microcephalic, 10 had extensive cortical lesions, 8 had hippocampal abnormalities, and 5 cases showed infection of the olfactory bulb. The density of CMV-immunolabeled cells correlated with the presence of microcephaly and the extent of brain abnormalities. Innate and adaptive immune responses were present but did not react against all CMV-infected cells. Cytomegalovirus infected all cell types but showed higher tropism for stem cells/radial glial cells. The results indicate that 2 main factors influence the neuropathologic outcome at this stage: the density of CMV-positive cells and the tropism of CMV for stem/ progenitor cells. This suggests that the large spectrum of CMV-induced brain abnormalities is caused not only by tissue destruction but also by the particular vulnerability of stem cells during early brain development. Florid infection of the hippocampus and the olfactory bulb may expose these patients to the risk of neurocognitive and sensorineural handicap even in cases of infection at late stages of gestation.
INTRODUCTION
Congenital cytomegalovirus (CMV) infection is the most prevalent cause of congenital neurologic handicap and is a major public health concern (1Y3). Approximately 0.2% to 2% of newborns present with congenital CMV infection (4, 5) , and 5% to 10% of infected infants develop a symptomatic infection, including severe neurologic deficits (6, 7) . One percent dies (1) . Eighty-five percent to 90% of the infections are asymptomatic at birth; 5% to 15% of these infants develop clinical sequelae, including mental retardation and neurosensory hearing loss (7) . Despite antiviral therapies, this brain damage is irreversible.
Clinical and pathologic studies suggest that CMV infection at different gestational ages has distinct effects on the developmental patterning of the brain, which ultimately determine neurologic outcome. Typical patterns of cerebral lesions in infected fetuses include panencephalitis with bandlike calcifications, porencephaly, microcephaly, structural brain abnormalities, and ventricular dilatation (8) . These studies also indicate that CMV exhibits particular tropism for periventricular regions, although all cell types may be infected. Nevertheless, there is little or no information available regarding the neuropathologic substrates underlying structural cortical abnormalities and microcephaly, their relationship to viral density, the immune response patterns, and the cellular targets of CMV in the developing human brain. Answers to these questions may provide insight into the neuropathogenesis of CMV-induced neural injuries.
Thus, the aim of the present study was to address these crucial issues by exploring the pathogenesis of congenital CMV infection during the phase of neurogenesis and neuronal migration at midgestation, the earliest stage at which congenital infection is detected.
MATERIALS AND METHODS

Fetal Population
Sixteen fetuses at 23 to 28.5 gestational weeks with histologically proven CMV infection with neuropathologic lesions (Table 1 ) and 4 age-matched controls (Table 2) were examined. In addition to the examination of the placenta, complete autopsy of the fetuses (including all organs and the brains) was performed and investigated for the presence of CMV infection using hematoxylin and eosin staining; the presence of CMV-infected cells was confirmed by immunohistochemistry. All procedures were approved by the ethics committee (Agence de Biomédecine; approval PFS12-0011).
Neuropathologic Examination, Tissue Processing, and Immunohistochemical Studies
The brains were fixed in 10% buffered formalin, and samples were embedded in paraffin. Macroscopic and histologic Congenital CMV infection was suspected on the basis of ultrasound findings and confirmed by a PCR test for CMV in amniotic fluid cell cultures and/or fetal blood. Five women were screened for CMV serology during pregnancy. Four cases displayed seroconversion during pregnancy. In 1 case, the seroconversion during pregnancy was proven by the presence of anti-CMVYspecific IgM antibodies combined with low-avidity anti-CMV IgG antibodies, allowing an estimation of the timing of the infection. The serologies of the remaining women were not routinely screened. The diagnosis of CMV infection was suspected on routine ultrasound and confirmed by PCR in the amniotic fluid of fetal blood. The severity of the neurologic and/or visceral lesions in these fetuses led to the termination of the pregnancies.
The inner ear of Case 9 has been previously described and corresponds to Case 2 in Teissier et al (9) . AF, amniotic fluid; CMV, cytomegalovirus; cult, viral culture; FB, fetal blood; PCR, polymerase chain reaction; WG, weeks of gestation. Table 3 .
Epifluorescence imaging was performed using Zeiss Axio Observer inverted microscope (Carl Zeiss, Jena, Germany) and confocal microscopy with Zeiss Axio Observer inverted microscope equipped with an LSM 5 Exciter confocal scanning system (Carl Zeiss) (Methods, Supplemental Digital Content 2, http://links.lww.com/NEN/A545).
Quantification of CMV-Immunolabeled Cells, Microglial Nodules, and Isolated Microglial Cells
The densities of microglial nodules and CMVimmunolabeled nuclei in the ventricular and the cell-rich inner subventricular zone (VZ), the outer subventricular zone and intermediate/subplate zone (SVZ-SP), and the cortical plate (CP) were calculated using stereologic methods (Stereo Investigator, MicroBrightField, Inc., Williston, VT).
Quantification of Double-Immunolabeled CMV-Infected Cells in Various Cerebral Regions
The percentages of the different cell subtypes infected by CMV were assessed by fluorescent double labeling for CMV combined with antibodies to glial fibrillary acidic protein (GFAP), GluT1, Iba1, nestin, GFAP-C, and Ki67 (Table 3) .
Quantification of Ki67-Labeled Cells in the Outer Subventricular Zone
Four regions of the outer SVZ were selected in Ki67 diaminobenzidine-immunolabeled slides and counted at 20Â magnification. The density of Ki67-positive cells was calculated using ImageJ software (http://rsbweb.nih.gov/ij/).
Statistical Analysis
Student t test, correlation coefficient, linear regression analysis, and one-way analysis of variance with Bonferroni multiple comparison test were performed using GraphPad Prism version 5.0 for MacOS (GraphPad Software, San Diego, CA; www.graphpad.com). Significance was considered when p G 0.05.
RESULTS
Neuropathologic Substrates of Cortical Abnormalities and Associated Lesions
The examination of the brain and the organs displayed disseminated CMV infection in the fetuses. Of the 16 cases, 9 were microcephalic(brain weight G5th percentile), 2 had brain weights equal to the 5th percentile, 10 had extensive cortical abnormalities, and 1 had unilateral perisylvian polymicrogyria (Table 4 ). All but one of the microcephalic brains and 2 brains with normal weight had severe cortical abnormalities, consisting of polymicrogyria associated with areas of dysplastic cortex and radial glial lesions, severe atrophy of the CP, and neuronal heterotopia (Fig. 1AYD ). These lesions were associated with meningitis, rupture of the glia limitans (Fig. 1E) , ventricular erosion and radial glial cell loss (Fig. 1F, G) , microcalcifications, hemosiderin deposits, and inflammation (Fig. 1G ). Seven cases had extensive calcification in the form of nodules or bands. In cases with ventricular dilatation, necrosis and cellular loss were observed in the VZ/SVZ, associated with calcification, necrosis, and inflammation of the brainstem. Subependymal cysts and intraventricular septa were associated with germinolytic cysts and hemorrhagic lesions. Corpus callosum agenesis and hypoplasia were observed in Cases 5 and 16 and in Cases 13 and 14, respectively. Normal immunostaining patterns for vimentin are shown in control fetuses (Fig. 1HYJ) .
Among the 11 cases with cortical disturbances, 8 were associated with hippocampal abnormalities characterized by atrophy, delayed maturation, abnormal lamination, heterotopia, necrosis, and calcifications (Table 4 ; Fig. 2AYD ). Five cases had temporal cysts that developed rostrally within the amygdaloid germinal glioepithelium and dorsally in the parahippocampal/ temporal neuroepithelium and SVZ (Fig. 2E, F ). Temporal cysts displayed germinal cell loss, cytomegalic cells, areas of necrosis, calcification, and inflammation, leading to cellular destruction within the germinal zone, parenchymal atrophy, and ventricular dilatation. Lesions of the temporal regions were present in 2 cases without cortical abnormalities. They consisted of the destruction of the ependymal/germinal cell layer in the germinal zone surrounding the temporal horn of the lateral ventricle (Cases 9 and 12) and destruction of the amygdaloid germinal glioepithelium. In these areas, CMV-infected cells were detected by hematoxylin and eosin staining or immunohistochemistry, and microglial nodules were often present.
Olfactory bulbs were identified in 5 cases; in 2 of these, both sides could be analyzed (Cases 6 and 13). Three cases displayed CMV infection; 2 of these (Cases 2 and 6) had severe widespread lesions consisting of numerous disseminated cytomegalic cells, inflammation, necrosis, and neuronal and radial glial cell loss (Fig. 2GYI , compare with JYL). One case had few CMV-immunolabeled cells and minor lesions (Cases 9). In the 2 cases with no detectable CMV infection, hemorrhage with hemosiderin deposits and tissue loss in and around the ventricular zone were observed. The extent of damage and the density of CMV-infected cells in the olfactory bulbs roughly paralleled those observed in the brain parenchyma; however, Case 13 had few CMV-infected cells in the olfactory bulb despite extensive brain lesions and a high density of CMVimmunolabeled cells.
The extent of damage in the brains was assessed by single and double immunolabeling for vimentin, GFAP, nestin, GFAP-C, and Iba1. In cases with cortical malformations, there were extensive areas of degeneration of radial glial cells (Fig. 1DYG , compare with HYJ) and fibers associated with rupture of the glia limitans and gliosis (Fig. 1E , compare with H), and microglial/macrophage infiltration (Fig. 1G ) was observed. Single and double immunolabeling for nestin and GFAP revealed an increase in the density of hypertrophic glial cells (Fig. 3) . Based on the pattern of expression of nestin and GFAP, 3 populations were present. Mature fibrillary astrocytes expressing GFAP but not nestin were more numerous in infected brains than in controls in all areas (Fig. 3AYC) . Numerous nestin-positive cells formed clusters around vessel walls or were scattered in areas with tissue damage (Fig. 3B) ; some of these were not immunolabeled for GFAP and probably corresponded to progenitor populations other than radial glial cells or an astrocytic lineage. Double immunolabeling for nestin and Ki67 in Case 11 revealed that 30.5% of the Ki67-immunolabeled cells overall expressed nestin (36% in the CP and 25% in the outer SVZ). The 5 cases without cortical abnormalities displayed minor lesions, characterized only by scattered microglial nodules and cytomegalic cells.
CMV Dissemination and Immune Reactions
Cytomegalovirus-immunolabeled leukocytes were observed within vessel lumens (Fig. 4A ) associated with diffuse micronodular panencephalitis and dissemination of cytomegalic cells (Fig. 4BYI) , indicating a hematogenous route of dissemination. The density of CMV-immunolabeled cells correlated with the presence of microcephaly (r 2 = 0.642, p = 0.007) and correlated with the extent of cortical abnormalities described in Table 4 (r 2 = 0.512, p = 0.043). Cytomegalovirus and microglial nodules were homogeneously distributed in the 3 different regions (CP, SVZ-SP, VZ); analysis of variance was not significant (Fig. 4E, F) . Some cytomegalic cells were found within microglial nodules (Fig. 4B, H, I ). However, numerous isolated cytomegalic cells unassociated with microglial nodules were widely distributed in all regions (Fig. 4EYH ) and were significantly more numerous than microglial nodules overall (paired t test, 2-tailed, p G 0.02), in the SVZ-SP (p = 0.02), and in the CP (p = 0.04) (Fig. 4J) . The density of microglial nodules was correlated with the density of isolated microglial cells (p G 0.03).
We also investigated the adaptive cellular and humoral immune response. Scattered CD3-positive and CD8-positive lymphocytes were observed in control brains; the numbers increased in parallel with the density of cytomegalic cells in CMV-infected brains. CD3-positive T lymphocytes were mainly composed of CD8-positive lymphocytes and were found around cytomegalic cells or dispersed in the parenchyma (Fig. 4K) . On the other hand, numerous isolated cytomegalic cells without any apparent contacts with inflammatory cells were also observed (Fig. 4K) . Plasma cells detected using immunohistochemistry for CD79a and CD138 were less numerous than CD8-positive lymphocytes and were mainly located in perivascular areas (Fig. 4L) . Granzyme BYexpressing lymphocytes were within and around the vessel lumen (left cluster) but also surrounding a cytomegalic cell (right cluster) (Fig. 4M) . Representative topography of CMV-immunolabeled cells in the frontal section of Case 6 is diagrammed in Figure 5 .
Cellular Targets of CMV
No infection of CD20-positive, CD79a-positive, or CD3-positive lymphocytes was detected. The GFAP-positive cells were the main targets of CMV infection (Table 5 ; Fig. 6A, B) . They represented 32.74% T 21.1% of CMVpositive cells overall and were homogeneously distributed throughout the cerebral hemispheres. The GFAP-positive cells were either radial glial cells or mature astrocytes; further characterization by double immunolabeling for nestin, GFAP-C, and Ki67 was performed. Numerous (30%Y40%) CMV-immunolabeled cells were labeled by nestin (Fig. 6C ). Numerous cells with typical cytomegalic nuclei were also double labeled for nestin and GFAP; very few of these cells expressed GFAP more strongly than nestin, suggesting an astrocytic phenotype (Fig. 6D, E) . Double immunolabeling for GFAP-C/CMV and GFAP-C/nestin confirmed that several CMV-immunolabeled cells expressed GFAP-C (Fig. 6F, G) and nestin. Moreover, some of the nestin-positive cytomegalic cells expressed Ki67, confirming that they were engaged in cell cycling (Fig. 6H) . Several nestin-positive/ GFAP-negative cells displayed cytomegalic nuclei bearing viral inclusions, which may indicate the infection of progenitors other than radial glial cells. Altogether, these data confirm the expression of progenitor markers in numerous One or 2 slides were examined at 40Â magnification for each pair of antigens. More than 100 CMV-positive cells were counted in each region (VZ, SVZ-SP, CP); and in cases with mild infection, all CMV-labeled cells in the brain section were counted. For each case, the number of double-immunopositive cells is expressed as a percentage of the total number of CMV-positive cells, and means T SD were calculated for the case as a whole. Analysis of variance CP: CMV/GFAP versus CMV/Iba: * CMV/Glut1 versus CMV/Iba: ns, CMV/GFAP versus CMV/Glut: *; SP-SVZ: CMV/GFAP versus CMV/Iba: *, CMV/ Glut1 versus CMV/Iba: ns, CMV/GFAP versus CMV/Glut1: *; VZ: CMV/GFAP versus CMV/Iba: *, CMV/Glut versus CMV/Iba: ns, CMV/GFAP versus CMV/Glut: *.
CP, cortical plate; GFAP, glial fibrillary acidic protein; ns, not significant (* p G 0.05); SVZ-SP, outer subventricular zoneYsubplate; VZ, ventricular zoneYinner subventricular zone.
CMV-infected cells, whereas astrocytic cells were infected to a lower extent. In the olfactory bulb, as in the cerebral hemispheres, the main cellular targets of CMV were GFAP-positive/ nestin-positive radial glial cells surrounding the germinal epithelium (Fig. 7AYD) . Cytomegalic nuclei expressed Ki67.
Infected Iba1-positive macrophages/microglial cells represented 7.21% T 10.74% of CMV-immunolabeled cells overall (Table 5 ; Fig. 8 A, B) . Numerous cytomegalic cells were found around and within the vessel lumen (Fig. 4D) ; however, Glut1-positive endothelial cells were less infected than perivascular glial cells and represented 8.1% T 13.69% of infected cells overall ( Table 5 ). The highest rate of endothelial cell infection was observed in areas of vascular proliferation around necrotic foci and cysts (66%, Case 4) (Fig. 8C) . Double labeling using GFAP and Glut1 confirmed that Glut1 was exclusively expressed in endothelial cells in these fetuses and not in astroglial or progenitor lineages (not shown). CD31 and CD34 labeling was not performed because they are not specific for endothelial cells. Infection of pericytes, identified by immunolabeling for smooth muscle actin, was not observed. NeuN labeling or double immunolabeling for CMV combined with calretinin, calbindin, or doublecortin in the brains and in the olfactory bulbs revealed that very few postmitotic neurons were infected (Fig. 8D, E) . Only a few CMV-positive epithelial cells were detected in the choroid plexus.
The proliferation index assessed by the density of Ki67-positive cells in the outer SVZ was significantly increased in CMV-infected cases (Cases 1, 5, 6, 8, and 11 vs the 4 controls; p = 0.004) (Fig. 9) . Ki67-positive cytomegalic cells were present in all the brain regions studied (not shown).
Ki67-positive/nestin-positive double-immunolabeled cells represented approximately 30% of Ki67-positive cells in CMVinfected fetuses and more than 50% in controls.
DISCUSSION
Despite the numerous descriptions of the typical neuropathologic manifestations of intrauterine CMV infection (8), few studies have focused on the pathophysiologic mechanisms by which CMV infection affects developing human brains. The present study aimed to collect key information that may provide insights into the neuropathogenesis of CMV infection.
Our findings suggest that the immune response was limited in its ability to contain CMV infection during fetal life. The density of CMV-infected cells and the tropism of CMV for progenitor cells were the major factors that determined the severity of brain abnormalities, which also included damage to the limbic system and the olfactory bulbs and the occurrence of microcephaly at early stages of brain development.
Neuropathologic Substrates of Cortical Abnormalities and Associated Lesions
Cortical plate anomalies as well as microcephaly argue for early CMV infection when neurogenesis and neuronal migration occur. Ultrasound abnormalities and serologic tests were in favor of seroconversion during the first trimester in 5 cases (Table 1) ; it is worth noting that Cases 4 and 10 did not display any significant brain anomaly (Table 4 ). Our findings also suggest that microcephaly is caused by multiple factors. Although neurogenesis and neuronal migration end before 25 gestational weeks, chronic infection may explain the extent of cortical lesions. Cell destruction, including that of neural precursor/progenitor cells, is likely the result of both direct cytopathic effects and bystander damage induced by inflammation and microglial activation (11, 12) . Experimental data suggest that meningitis associated with the disruption of the glia limitans may disturb the trophic function of the meninges; indeed, meningeal cells can influence cell proliferation and neuronal differentiation (13, 14) . Moreover, the interactions of radial glial processes with the glia limitans are critical for radial glial survival (15) and neuronal subtype composition (16) .
The data presented here are in line with previous studies showing that polymicrogyria is not a cell migration disorder per se (17Y19). Damage to the radial glial scaffold, astrogliosis, proliferation of nestin-positive cells, macrophage/microglial infiltration, and vascular proliferation suggest a reactive process (19) .
Temporal lobe cysts involving the anterior part of the temporal lobe have been identified as indirect signs of congenital CMV infection (20, 21) . The present study indicates that these lesions are the consequence of CMV infection of the amygdala and of the parahippocampal/temporal germinal zones, and that they may be observed in cases without cortical malformations. Hippocampal lesions consisted of atrophy, cell loss, and dyslamination and may be observed in association with cortical lesions and resulted from the same pathophysiologic mechanisms. Hippocampal lesions would be worth investigating in antenatal imaging studies. Because hippocampal neurogenesis persists into adulthood, severe damage might be observed at any gestational or postnatal age, even in the absence of cortical lesions.
CMV Dissemination and Brain Immune Responses
Typically, CMV infection is thought to predominate in periventricular areas (22Y25), but our current findings clearly demonstrate that CMV is ubiquitously distributed in the brain. The severity of cerebral abnormalities correlated with the density of infected cells.
An innate immune response driven by the microglial response occurred in fetuses, but extensive CMV dissemination was observed. The density of cytomegalic cells was significantly higher than that of microglial nodules, raising the question of the ability of microglial cells and nodules to contain CMV infection during fetal life. Microglial cells enter the cerebral wall at 4.5 gestational weeks from the ventricular lumen and the leptomeninges and migrate toward the immature white matter, subplate layer, and cortical plate. The intraparenchymal vascular route of entry was detectable only from 12 gestational weeks (26) . These fetal microglial cells can express HLA-DR, but their functional properties in human fetuses are not known.
Cell-mediated immunity seems to be the main defense against CMV CNS infection. Our results provide evidence of a cytotoxic and humoral response in the brain, in agreement with a previous study using human fetal blood (27) . Importantly, our data confirm our previous findings in the inner ear (9) and those of Gabrielli et al (28) , which indicate that circulating cytotoxic T lymphocytes efficiently penetrate the CNS, recognize cytomegalic cells, and express Granzyme B. Nevertheless, numerous isolated cytomegalic cells were also observed, again raising the question of the ability of the cellular immune defense to respond fully to CMV antigens (27, 29) . In this regard, CMV inclusion bodies have been observed in a 2-year-old child born with congenital CMV infection (17), but few articles have explored the mechanisms underlying the weak innate and adaptive immune responses in fetuses (27, 29) . Interestingly, these articles suggest that cellular immunity to CMV might not be fully functional. Indeed, the number of T cells capable of secreting interferon-F was strikingly lower after in vitro stimulation with the CMV-specific antigen compared with control fetuses (27) ; they also had a smaller pp65-specific cytotoxic T lymphocytes and a lower percentage of cytotoxic T lymphocytes secreting interferon-F after stimulation with a CD3 monoclonal antibody compared with their mothers (29) .
Cellular Targets of CMV
Experimental studies have yielded contradictory data concerning the cellular targets of CMV that may be partly explained by differences in cell types and experimental methods (30Y33). The present study demonstrates that progenitor cells, glial cells, neurons, macrophages/microglia, endothelial cells, and epithelial cells of the choroid plexus can be infected by CMV, but susceptibilities of different cell lineages to CMV infection seem to be variable.
The current study has demonstrated the in vivo infection of macrophages/microglial cells, as opposed to in vitro studies in which macrophages/microglia are not subjected to a massive productive CMV infection, as is seen in astrocytes (30, 31) . Viral invasion of the brain likely occurs through the passage of infected leukocytes through the blood-brain barrier. Despite the presence of cytomegalic cells around and within vessels, endothelial cell infection was minimal in comparison with that of GFAP-positive cell infection. No infection was observed in the few pericytes present in the cerebral vessel walls.
The main targets of CMV were GFAP-positive, nestinpositive, GFAP-CYpositive, and Ki67-positive cells, implying that CMV infects cells exhibiting the phenotypic characteristics of neural stem cells/progenitors, thereby supporting in vitro studies (32, 33) . Stem/progenitor populations are abundant during development, and under pathologic conditions, reactive glia may acquire stem cell potential and reenter the cell cycle (34Y38). The reason for the tropism of CMV for cells expressing a progenitor phenotype is currently unknown.
Olfactory Bulb Involvement
Four olfactory bulbs among 5 studied displayed signs of CMV infection. A second route of infection could be related to the inhalation of infected amniotic fluid and passage through the cribriform plate to the olfactory bulb. As in the cerebral hemispheres, there was a tropism of CMV for neural stem cells/ progenitor cells (39) . The olfactory system provides direct input to the limbic system, which is damaged in these fetuses. Olfactory bulbectomy serves as an animal model of depression (40) , but the clinical impact of possible olfactory dysfunction in these children remains to be established. Human adults with isolated congenital anosmia are at an increased risk for household accidents, depressive symptoms, and heightened social insecurity (41) , and studies in children and adolescents with psychiatric disorders reveal the presence of olfactory dysfunction (42) . It would be interesting to evaluate whether olfactory dysfunction could serve as a biomarker for the progression of the disease during postnatal life or as a prognostic marker for cognitive and psychiatric disorders, especially in cases without obvious cortical abnormalities on magnetic resonance imaging (42) .
In conclusion, 2 main factors determine the severity of cortical plate abnormalities and the presence of microcephaly at early stages of development in CMV-infected human fetuses: the density of CMV-infected cells in the brain and the particular susceptibility of neural stem/progenitor cells to CMV. Cell destruction, including that of neural precursor/progenitor cells, is likely the result of both direct cytopathic effects of the virus as well as bystander damage induced by inflammation and microglial activation. The presence of microglial nodules surrounding cytomegalic cells, CD3-positive, CD8-positive, and Granzyme BYexpressing lymphocytes in contact with infected cells demonstrate that midYgestational age fetuses do possess innate and adaptive immune responses. On the other hand, the numerous isolated cytomegalic cells unassociated with microglial nodules or lymphocytes were widely distributed, suggesting that the immune cells may be limited in their ability to contain the infection.
Importantly, infection during the first trimester does not invariably induce significant neurologic brain damage, CMV dissemination, and high viral replication within the brain even in fetuses with high viral loads in the amniotic fluid. Cytomegalovirus infected all cell types, but it showed a preferential tropism for neural stem/progenitor cells. Investigation of the mechanisms underlying the preferential tropism of CMV for neural stem/progenitor cells and the mechanisms of immune control of CMV dissemination may help decipher the pathogenesis of the neurologic damage occurring during congenital infection. The infection of neural stem cells in the hippocampus and olfactory bulb, where neurogenesis persists throughout life, is worth noting and may lead to neurocognitive and sensorineural handicap even in cases of infection at late stages of in utero development.
